The adsorption of mixtures of chlorobenzene (C 6 H 5 Cl) + cyclohexane (c-C 6 H 12 ) onto activated carbon U-03 has been examined at about room temperature. As shown by Stoeckli et al. (2002) , combination of the Myers-Prausnitz-Dubinin theory (MPD) with the activity coefficients of the corresponding solid-liquid equilibrium led to a good correlation between the calculated and experimental mole fractions for the adsorption of binary mixture vapours by microporous solids under static conditions. The present study demonstrates the approach, which is based on an ideal adsorbed state (IAS).
INTRODUCTION
In 1996, Lavanchy et al. showed that a combination of the theories of Myers and Prausnitz (Myers and Prausnitz 1965; Valenzuela and Myers 1989) and Dubinin (Dubinin 1989; Stoeckli 1993 Stoeckli , 1995 could be used to describe the binary adsorption of vapours by microporous solids. This approach, recently recognized as the MPD theory, provides a useful basis for the theoretical treatment of adsorption data obtained under static (Stoeckli et al. , 2000 (Stoeckli et al. , 2002 and dynamic conditions, as initially presented by The assumption of IAS in the MPD theory for binary vapour mixtures leads to simple calculations for predicting the composition x a i . The activity coefficients in the adsorbed state, γ a i = γ a i (T;x a i), introduced by Stoeckli et al. (1997 Stoeckli et al. ( , 2000 both apply to full micropores (θ = 1) and the adsorbed state x a . Using these coefficients, Stoeckli et al. (2002) demonstrated a very good agreement between the calculated and experimental mole fractions x a i . The MPD approach was successfully tested by Stoeckli et al. (2002) for the binary vapour mixture chlorobenzene + cyclohexane adsorbed by activated carbon U-03 under static conditions. This study described a significant progress in predicting binary mixture adsorption by a microporous solid, such as activated carbon, based on simultaneous application of MPD and other approaches under static and dynamic conditions. THEORY MPD theory Valenzuela and Myers (1989) successfully used the expressions proposed by Toth (1971) and Honig and Reyerson (1952) as local isotherms. However, these equations contain temperature-dependent constants and, for this reason, the individual adsorption isotherms require determination of the temperature at which the adsorption of mixed substances occurs (Lavanchy et al. 1996) . For the adsorption of a binary mixture of vapours A and B, the resulting equilibrium may be expressed by the relationship:
(1)
where P A and P B are the equilibrium pressures of vapours A and B, while x a A and x a B are the equilibrium concentrations in the adsorbed state with the corresponding activity coefficients, γ a . To avoid this restriction, Lavanchy et al. (1996) introduced the Dubinin-Radushkevich equation (Dubinin and Zaverina 1947; Dubinin et al. 1947) and obtained:
(2)
This approach provides an analytical expression for the description of individual isotherms and enables the prediction of N 0 ai based on the Dubinin-Radushkevich and Dubinin-Astakov adsorption isotherms for a pure substance. Integration of the equation for spreading pressure, π 0 i , leads to:
( 3) where erf is the error function defined by:
(4) These equations form a theory known as the Myers-Prausnitz-Dubinin (MPD) theory. The abovementioned theory has been successfully tested for static adsorption of binary mixtures, such as C 6 H 5 Cl + CCl 4 (Lavanchy et al. 1996) , and for dynamic adsorption of C 3 H 7 Cl + C 6 H 5 Cl on a typical industrial activated carbon at room temperature .
Equation (3) can be extended to microporous solids such as zeolites described by the Dubinin-Astahov equation with different values of the exponent n. Under these circumstances, the equation becomes:
where Γ is the tabulated incomplete Gamma function (Gradshteyn and Ryzhik 1980) and n is the exponent of the Dubinin-Asthakov equation. When n = 2, the Dubinin-Radushkevich equation is obtained. Assuming an ideal adsorbed state (γ a i = 1), the compositions x a A and x a B = 1 -x a A can be calculated from equation (1) with the help of the structural characteristics of the adsorbent (E o , W o , n), the molecular parameters of the vapours (V Mi , β i , P oi ) and the partial pressures P i at equilibrium, which can be obtained from mass balance. 
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( ) = ( ) In a similar manner, the liquid state (Guggenheim 1967 ) and the activity coefficients in the adsorbed state can be described by general expressions with a good approximation, as demonstrated by Stoeckli et al. (2002) .
Dynamic adsorption

Breakthrough curves
Breakthrough curves are usually obtained during the filtration of gases, such as air polluted with some VOCs (Volatile Organic Compounds) in the presence of a constant inlet concentration. The concept of a breakthrough curve is based on a bed which is charged by a constant inlet concentration C in and a constant inlet flow F in over a time t. The concentration modifications are determined by the time t. The point at which the adsorbate appears in the effluent is called the "breakpoint". The part of the curve between the breakpoint and the point where the adsorbate concentration in the effluent reaches the same concentration of the influent is referred to as the "breakthrough curve". These curves take many forms.
Pressure Swing Adsorption (PSA) system
The suggestion to use variable pressure to separate a gaseous mixture was originally developed independently by Skarstrom (1959) and by Guerin de Montgareuil and Domaine in 1958 [see Skarstrom (1959) ; Yang (1987) ]. However, many of the essential features of this type of process were outlined in the papers published in the early 1950s and in pioneering patents during the 1930s. These have been largely overlooked by contemporary authors (Ruthven et al. 1994 ). The name "Pressure Swing Adsorption" is based on the fact that an operating pressure is continuously swinging between high (adsorption) and low (desorption) pressures. During the 1960s, the PSA system was developed as an alternative for adsorption processes employing thermal regeneration (Chan et al. 1981) . During the 1970s, an interest in alternative separation processes was stimulated by the escalation of energy costs associated with rising prices for crude oil. Although energy costs dropped in the 1980s, the impetus to examine alternative processes has been continued (Ruthven et al. 1994) .
All adsorption separation processes involve two principal steps: the first is adsorption where preferentially adsorbed species are removed from the feed; and the second is regeneration or desorption, where the adsorbed species are removed from the adsorbent. The essential feature of the PSA process is that during the adsorption step the relative pressure of the impurity is increased, whereas in the regeneration step preferentially adsorbed species are removed by reducing the total pressure rather than by increasing the temperature or purging with a displacing agent (although a low-pressure purge step is commonly included in the PSA cycle). The process operates under isothermal conditions. The useful capacity corresponds to feed and regeneration pressure on the same isotherm (Ruthven et al. 1994) .
In Figure 1 there is a movement of concentration profiles during a high-pressure feed (adsorption) and a low-pressure regeneration step (desorption). The feed step is normally terminated before the more strongly adsorbed component breaks through the bed, while the regeneration step is generally terminated before the bed is fully desorbed.
The major advantage of PSA in relation to other types of adsorption processes, such as thermal swing, is that the pressure can be changed much more rapidly than the temperature. Thus, it is possible to operate a PSA process on a much faster cycle by increasing the throughput per unit
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volume of the adsorbent bed. However, the major limitation in PSA processes results from non-strongly adsorbed components. If preferential species are strongly adsorbed, the use of high pressure during desorption will not be economic and, for this reason, a thermal swing is a more profitable option for very strongly adsorbed components (Ruthven et al. 1994) .
EXPERIMENTAL
Static measurements
In this study, the adsorption of a binary chlorobenzene + cyclohexane vapour mixture onto activated carbon U-03 at 293 K was examined under static and dynamic conditions. Activated carbon U-03, which corresponds to the product CWS 12X30 of the Chemviron Corporation, was used for immersion calorimetry, studies of the activity coefficient and breakthrough curves, PSA and static adsorption experiments. Adsorption from the vapour phase was studied using gas chromatography (PerkinElmer Sigma 3B) and a quadrupole mass spectrometer (Balzers, ThermoStar 300T3 Headspace combined with a transfer column of 150 nm diameter). The latter was also equipped with an automatic sampler (Headspace CTC HS500). Activity coefficients for pure liquid mixtures were obtained from the literature or were calculated on the basis of the UNIFAC model proposed by Fredenslund et al. (1977) . Enthalpies of immersion of the solids into liquid mixtures were also determined in order to cross-check activity coefficient predictions for the adsorbed state. The main characteristics of the solids and the adsorptives are listed in Tables 1 and 2, with these data being used in the calculations.
Dynamic measurements
In dynamic breakthrough experiments, only one bed is charged until the activated carbon is saturated. The dynamic adsorption experiment is divided into two phases: breakthrough and 1 . An idealized sketch illustrating the concept of a PSA process and showing the movement of the concentration profile of the adsorbed phase for more strongly adsorbed species in a simple two-bed PSA system (Ruthven et al. 1994). desorption. In breakthrough (single-bed dynamic system), a flow of air containing the organic vapours to be adsorbed is passed through the single bed in the system, from the top to the bottom. In the upper part of the bed, the air flow passes through the upper shuttle valve to the measurement area. When the bed is saturated, the experiment is discontinued and the mass of vapour adsorbed by the activated carbon bed is determined by mass balance. The volume of vapour thereby injected into the bed is controlled. During the experiment, measurements of an applied pressure (maintained at 606 kPa), a temperature (T) inside and outside the system, and inlet and outlet flows are made. Next, the step of desorption at 101 kPa is commenced. During this stage, the air flows through the system and this stage is reversible to the adsorption stage with the flow passing through the bed from the bottom to the top. After the desorption is started, the gas outlet is opened and the bed pressure is reduced to an atmospheric value (101 kPa). The air flow passes out of the measuring section through the down valve which limits the amount of air necessary for desorption.
Dynamic PSA experiments use systems in which two beds are combined into one operating system, thereby allowing the passage of the purge over a long period of time. Thus, air containing the organic vapours to be adsorbed is allowed to flow through the system and is distributed, from the bottom to the top, through only one bed. In the upper part of the bed, the air passes through the upper flow distributor (inside the bed) and continues through the upper shuttle valve to the measurement area. At the beginning of desorption (regeneration of the PSA system), the 2/2-way solenoid valve at the regeneration gas outlet is opened and the bed is brought down to atmospheric pressure. The compressed air passes out of the measuring section with the outgoing valve limiting the amount of gas required for regeneration. After each experiment, the activated carbon in the bed is removed and the adsorbates are recovered. 
RESULTS AND DISCUSSION
Single-vapour adsorption by porous and non-porous solids has led to a variety of approaches described in the literature. Industrial filtration methods require simple and easy predictions. As described in this study, combination of the MPD theory with Dubinin's equation and with the formalism of Myers and Prausnitz (Stoeckli et al. 2002) leads to predictions which can be extended over a wide range of pressures and temperatures for an ideal adsorbed state (IAS). The binary mixture c-C 6 H 12 + C 6 H 5 Cl is non-ideal in the liquid phase. The same situation can be assumed for the adsorbed phase. The quantities of binary mixture adsorbed by activated carbon U-03 as a function of the equilibrium pressure can be calculated on the basis of the equilibrium conditions. These conditions can be generally described by modification of equation (1) into the form:
where P c-C 6 H 12 and Pc-C 6 H 12 are the equilibrium pressures of the c-C 6 H 12 and C 6 H 5 Cl vapours, x a c-C 6 H 12 and x a C 6 H 5 CI are the equilibrium concentrations in the adsorbed state, while γ a c-C 6 H 12 and γ a C 6 H 5 CI are the corresponding activity coefficients. At equilibrium, the different functions ψ i (x i a ) must be equal. When n = 2, the Dubinin-Radushkevich equation is obtained. It is also assumed that for an ideal adsorbed state (γ a i = 1), the compositions x a c-C 6 H 12 and x a C 6 H 5 CI = 1 -x a c-C 6 H 12 can be calculated from equation (6) employing the structural characteristics of the adsorbent (E o , W o , n), the molecular parameters of the vapours (V M , β i , P oi ) and the partial pressures P i at equilibrium.
The present study provides a test of utilization the same MPD calculations for static and dynamic systems at a breakthrough and PSA conditions. Furthermore, for the PSA system, experimental values calculations obtained from the MPD model for static system of the binary mixture c-C 6 H 12 + C 6 H 5 Cl were used. In Figure 2 , the experimental mole fraction data for c-C 6 H 12 (for a series of x a c-C 6 H 12 values extending from 0 to 1) as determined by PSA experiments are compared with the corresponding values calculated using MPD theory with γ = 1 (i.e. calculation of ψ without employing activity coefficients.). It is very interesting to observe that the theory developed for static adsorption presented by Stoeckli et al. (2002) works successfully for dynamic adsorption systems. The data can be compared with the static adsorption and PSA results presented in Figures 2 and 3 .
Introduction of the activity coefficient improved the quality of the calculated values of the mole fraction adsorbed for the static adsorption system as presented by Stoeckli et al. (2002) , with the total standard deviation for the MPD calculations being σ x = ± 0.05 employing the activity coefficient compared with σ x = ± 0.29 in the absence of the activity coefficient.
For PSA experiments and breakthrough experiments, the MPD model was employed for the binary mixture c-C 6 H 12 + C 6 H 5 Cl system in the same manner as for the static adsorption presented by Stoeckli et al. (2002) . Calculations of ψ were undertaken without incorporating the activity coefficients γ. The results obtained may be compared with those for static and dynamic adsorption.
In Figure 2 a reasonable agreement between the static, dynamic and PSA experiments for the binary c-C 6 H 12 + C 6 H 5 Cl mixture is presented, while in Figure 3 an application of the MPD model to the dynamic and PSA data (values of ψ with the activity coefficients γ calculated for static adsorption of the binary mixture c-C 6 H 12 + C 6 H 5 Cl) is presented. As is shown below, introduction of the activity coefficient enhances the quality of the magnitude of the adsorbed mole fraction. For a given system with n different compositions, the quality of the fit is reflected by the deviation presented by Stoeckli et al. (2002) and expressed as: ) using all the experimental values (W o , E i , V mi , P i , x a i ) and either γ a i = 1 (IAS) or γ a i = γ a IAS . As shown by the data listed in Table 3 , the use of γ a IAS considerably reduces the standard deviation σ. The results obtained by static, dynamic and PSA systems validate the MPD theory. A comparison between the results obtained by all three techniques shows that the introduction of activity coefficients contributes to the validation of the MPD theory in all cases. These coefficients were calculated starting from the smoothed equations presented by Stoeckli et al. (2002) .
In all cases, the adsorbed state in equilibrium with the liquid mixtures is always non-ideal and the corresponding activity coefficients γ a LS may be relatively important in the Henry's law adsorptive domain. This means hypothesis of an ideal adsorbed state may not lead to a satisfactory agreement between the calculated and experimental values of x a below 0.3 and above 0.7, as observed earlier by Lavanchy et al. (1996) and Stoeckli et al. (1997 Stoeckli et al. ( , 2000 Stoeckli et al. ( , 2002 .
A good agreement between the experimental data, obtained from static adsorption [presented before by Stoeckli et al. (2002) ], dynamic adsorption and PSA, and those predicted by the MPD theory should be noted. Although it is necessary to conduct more experiments with different pressures, concentrations, inlet and outlet flows, adsorption and desorption times and temperatures, the concept of using MPD to predict dynamic adsorption and PSA experiments is appropriate. Usage of the MPD theory simplifies the calculations of the PSA system predictions, because the theory involves quite simple chemical data unlike other more complicated theories. The great advantage of the MPD theory is that, at present, it provides the easiest route for describing the PSA system for binary mixtures. Thus, the MPD theory does not need complicated and/or expensive measurements for calculating industrial PSA systems.
It is also interesting to compare the predictions for N tot based on MPD with those obtained via the Bering-Serpinski equation (Bering and Serpinski 1952; Bering et al. 1963 Bering et al. , 1965 
where N tot is the total amount adsorbed and x a i represents the mole fraction of species i. This correlation is shown in Figure 4 and indicates that the MPD method provides a good fit with the Bering-Serpinski equation. It appears that a combination of the Bering-Serpinski equation might be a suitable alternative to the MPD approach.
The self-consistency between the various experimental quantities may be regarded as a validation of the Myers-Prausnitz-Dubinin theory under dynamic conditions.
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